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ABSTRACT 


Ground  movements  affecting  the  foundations  of  a  highway 
bridge  across  the  Little  Smoky  River  have  been  investigated. 
Geologically  the  site  consists  of  a  pre-glacial  valley,  infilled 
with  till  overlying  a  clay  shale  of  Upper  Cretaceous  age.  It  was 
determined  from  slope  indicator  installations  that  the  slide  consists 
of  a  series  of  blocks  moving  on  a  horizontal  failure  plane  in 
unweathered  clay  shale.  The  clay  shale  possesses  all  of  the  requisite 
conditions  for  a  progressive  failure  as  proposed  by  Bjerrum  (1967). 

Each  individual  block  was  analysed  independently,  using 
laboratory  determined  residual  strength  parameters,  to  determine  its 
factor  of  safety.  It  was  concluded  that  the  factor  of  safety  for 
any  particular  block  varies  as  differential  movement  occurs  along 
the  main  failure  plane.  It  was  postulated  that  movement  is 
initiated  in  the  first  block  of  the  series  by  some  natural  factor. 

The  passive  restraint  is  subsequently  reduced  on  each  adjacent 
block  and  in  accordance  with  the  stability  analysis  the  factors  of 
safety  become  unity.  This  process  leads  to  a  chain  reaction  of 
small  movements  along  the  main  failure  plane. 

It  was  concluded  that  stabilization  would  probably  be 
economically  unfeasible  for  a  slide  area  as  large  as  the  one  under 
study.  The  movements  are  not  expected  to  accelerate,  however, 
and  they  can  probably  be  accomodated  by  continued  maintenance  of  the 
bridge  abutments. 
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CHAPTER  I 


INTRODUCTION 

1.1  General  Slope  Stability  Concepts 

The  stability  of  natural  slopes  has  long  been  a  concern  to 
engineers  and  geologists.  The  problems  which  an  engineer  faces  when 
assessing  the  stability  of  any  natural  slope  are  many  and  complex. 

These  include: 

1.  The  subsurface  conditions  are  never  accurately  known  and 

at  best  can  only  be  interpolated  between  a  limited  number  of  boreholes. 

2.  The  heterogeneous  nature  of  soils  is  such  that  properties 
which  are  determined  in  the  laboratory  on  small  samples  may  or  may 
not  be  indicative  of  field  performance. 

3.  The  distribution  of  shear  stresses  and  strains  along  any 
potential  failure  surface  is  unknown,  thus  requiring  simplifying 
assumptions  to  be  made  before  an  analysis  can  be  performed. 

4.  The  magnitude  and  distribution  of  internal  stresses  within  the 
sliding  mass  are  unknown.  How  these  change  as  failure  is  initiated 
and  movements  occur  is  an  important  factor  in  the  development  of  many 

1 andsl ides . 

5.  The  shear  strength  of  many  soils  decreases  with  increasing 
strain  beyond  the  point  where  peak  strength  is  developed.  Thus  the 
available  shear  resistance  may  vary  between  the  limits  of  peak  and 
residual  strength  along  any  potential  sliding  surface. 
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Since  there  are  a  large  number  of  unknown  conditions,  knowledge 

and  experience  in  predicting  the  stability  of  natural  slopes  have  been 

gained  by  observing  and  analysing  slopes  which  have  already  failed. 

For  these  slopes,  it  is  possible  to  determine  the  failure  mechanism, 

the  approximate  subsurface  conditions,  and  the  limiting  shear  strength 

parameters.  The  computed  factor  of  safety  should  therefore  be  unity. 

The  state  of  the  art  with  respect  to  the  stability  of  natural  slopes 

has  been  summed  up  by  Peck  (1967),  who  states, 

"We  are,  in  fact,  unable  to  make  reliable  assessments  of 
the  stability  of  many  if  not  most,  natural  slopes  under 
circumstances  of  practical  importance.  On  the  other 
hand,  in  the  last  decade  substantial  progress  has  been  made 
toward  an  understanding  of  the  failures  that  have 
occurred . " 

1.2  Description  of  the  Problem 

Instability  of  river  valley  walls  in  the  Peace  River  area  of 
Alberta  has  continually  been  a  problem  for  highway  engineers.  The 
bridge  over  the  Little  Smoky  River,  thirty  miles  north  of  Valleyview 
is  located  on  an  active  landslide  area.  The  river  valley  at  this 
location  is  about  300  feet  deep  and  has  an  average  slope  of  7  degrees. 
Ground  movements  have  been  seriously  affecting  the  approach  road  and 
bridge  foundations  on  the  west  bank  of  the  river  since  the  bridge  was 
completed  in  1957.  During  construction,  the  bridge  was  lengthened  by 
a  short  span  at  the  west  end  and  an  extra  abutment  installed.  This 
was  a  remedial  measure  to  reduce  the  load  on  the  first  pier  where 
soft  soil  conditions  were  encountered.  The  two  abutments  and  one  pier 
situated  on  the  west  bank  are  presently  moving  toward  the  river  at  a 
rate  of  6  to  12  inches  per  year.  A  more  complete  history  of  the  site 
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3. 

has  been  documented  by  Hardy,  Brooker  and  Curtis  (1962)  and  more 
recently  by  Rennie  (1966). 

Rennie  (1966)  performed  an  analysis  to  determine  the  applic¬ 
ability  of  the  residual  strength  concept  to  the  slide  area.  His 
analysis  of  the  existing  profile  dealt  only  with  the  area  in  the 
immediate  vicinity  of  the  bridge  abutments.  By  assuming  a  circular 
arc  failure  surface  and  utilizing  the  observed  ground  water  level,  he 
obtained  a  factor  of  safety  of  1.24.  However  the  factor  of  safety  was 
reduced  to  1.04  when  the  ground  water  level  was  assumed  coincident 
with  the  surface  profile.  He  states  in  summary  that  the  main  problem 
in  connection  with  the  stability  analysis  was  determination  of  the 
type  of  failure. 

1.3  Purpose  of  the  Investigation 

It  was  anticipated  that  a  much  larger  area  was  involved  in  the 
slide  than  the  immediate  vicinity  of  the  bridge  abutments,  as  had 
been  previously  supposed.  In  addition,  an  adequate  understanding  of 
the  failure  mechanism  associated  with  this  landslide  was  necessary 
before  any  conclusions  regarding  the  cause  could  be  drawn.  With  these 
aims  in  mind,  the  purpose  of  the  investigation  was: 

1.  To  determine  the  boundary  of  the  sliding  area. 

2.  To  locate  the  failure  plane(s)  and  determine  a  more  complete 
subsurface  profile. 

3.  To  obtain  undisturbed  samples  and  determine  the  available 
shear  strength  of  the  materials  involved. 

4.  To  verify  the  observed  failure  mechanism  by  numerical 


stability  analysis. 
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1.4  Existing  Knowledge  of  the  Stability  of  Clay  Shale  Slopes 

In  the  past,  many  unexpected  failures  have  occurred  in  slopes 
of  highly  over-consolidated  soils  as  a  result  of  construction 
activities.  When  a  slope  fails,  the  sum  of  all  the  shear  stresses 
acting  along  the  slip  surface  must  egual  the  available  shear  strength, 
thus  the  factor  of  safety  if  1.0.  Laboratory  determined  peak  shear 
strength  values  when  used  in  a  stability  analysis,  however,  produced 
factors  of  safety  considerably  in  excess  of  unity.  Skempton  (1964) 
applied  the  concept  of  residual  strength  to  over-consolidated  clay 
slopes.  He  attributed  the  observed  reduction  in  shear  strength  to 
progressive  failure  which  will  decrease  the  shear  strength  of  these 
soils  to  their  limiting  residual  value  or  until  the  factor  of  safety 
of  the  slope  becomes  1.0  and  the  slope  fails. 

Bjerrum  (1967)  presented  a  rational  explanation  for  the 
mechanism  of  progressive  failure  in  slopes  of  over-consolidated 
plastic  clays  and  clay  shales.  He  points  out  that  the  development 
of  a  continuous  sliding  surface  by  progressive  failure  is  only  possible 
when  the  following  three  conditions  are  satisfied. 

1.  There  must  exist  local  shear  stresses  which  exceed  the  peak 
shear  strength  of  the  clay. 

2.  The  advance  of  a  failure  surface  must  be  accompanied  by  local 
differential  strain  in  the  zone  of  shear  failure  sufficient  to 
strain  the  clay  beyond  failure. 

3.  The  clay  must  show  a  large  and  rapid  decrease  in  shear 
strength  with  strain  after  the  failure  strength  has  been  mobilized. 
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This  decreased  shear  resistance  in  the  failure  zone  will  not  obstruct 
the  movement  required  to  obtain  the  differential  strain  so  that  the  zone 
of  stress  concentration  can  move  into  the  neighbouring  zone  of  unfailed 
clay. 

Bjerrum  (1967)  attributes  the  cause  of  a  progressive  failure 
to  the  release  of  stored  strain  energy.  As  a  result  of  time  and 
pressure,  "diagenetic  bonding"  forms  within  the  soil  mass.  When  the 
pressure  is  subsequently  released,  strain  is  locked  in  until  such 
time  as  the  diagenetic  bonds  are  destroyed  by  natural  causes  such  as 
weathering.  Bjerrum  (1967)  also  presents  a  rational  explanation  for 
the  observed  phenomenon  of  creep  in  over-consolidated  clay  slopes. 

He  states , 

"The  general  mechanisms  of  creep  can  be  divided  into 
two  phases.  In  the  first  phase  a  continuous  failure 
zone  is  formed  by  progressive  failure.  ...When  a  flake 
has  been  cut  loose  from  the  lower  clay  in  this  way,  the 
second  phase  of  the  creep  movements  start.  In  principle 
the  situation  is  then  that  the  safety  factor  of  the 
flake  is  unity." 

Creep  observations  on  a  clay  shale  slope  in  California  were 
published  in  a  paper  by  Gould  to  the  Boulder  Conference  (1960).  On 
one  Darticular  slope  which  Gould  studied,  the  inclination  was  as 
small  as  9  degrees  and  the  average  rate  of  movement  was  about  one 
foot  per  year.  From  slooe  indicator  readings,  it  was  shown  that 
sliding  was  along  a  well  defined  plane,  parallel  to  the  surface  at 
a  depth  of  45  feet.  Bjerrum  (1967)  states  that  this  continuous 
creep  is  produced  by  lateral  expansion  of  the  clay  due  to  disinte¬ 
gration  . 

Landslides  in  clay  shale  slopes  have  for  many  years  been  a 
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major  problem  in  the  river  valleys  of  Alberta  (Brooker,  1958). 

Sinclair  and  Brooker  (1967)  re-evaluated  several  landslides  using 
residual  strenqth  parameters  and  found  a  factor  of  safety  of  1  ±  0.1. 

At  the  present  time,  research  is  in  progress  at  the  University  of 
Alberta  to  investigate  the  stability  of  these  and  other  slopes  in 
over  consolidated  clay  and  clay  shales  in  the  light  of  the  residual 
strength  theory  and  Bjerrum's  concept  of  strain  energy. 

1.5  Scope  of  the  Study 

The  scope  of  the  study  consisted  of  a  detailed  site  investigation 
and  a  laboratory  testing  program  linked  with  a  stability  analysis. 

The  site  investigation  consisted  of: 

1.  A  review  of  previously  collected  information. 

2.  An  interpretation  of  the  results  of  a  survey  conducted  to  detect 
surface  movements. 

3.  Installation  of  ten  slope  indicators  and  two  piezometers  to 
locate  the  boundaries  of  the  sliding  mass  and  determine  the  water 
conditions  at  the  site.  These  installations  were  coupled  with  a 
subsurface  survey  and  provided  means  for  obtaining  undisturbed  and 
disturbed  soil  samples. 

The  laboratory  testing  consisted  of: 

1.  Index  tests  and  determination  of  mineralogical  composition 
of  most  soi 1 s . 

2.  A  consolidation  test 

3.  Triaxial  tests  to  determine  peak  strength  parameters  and 
direct  shear  tests  to  determine  residual  strength  parameters. 

The  stability  analysis  was  performed  using  the  wedge  method 
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outlined  by  the  U.S.  Corps  of  Engineers  (1960).  The  laboratory 
results  and  field  observations  were  utilized  by  the  stability  analysis 
to  provide  an  explanation  for  the  ground  movements  at  the  site. 
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CHAPTER  II 


SITE  INVESTIGATION 


2.1  Geology  of  the  Area 

Prior  to  Pleistocene  glaciation,  many  valley  systems  existed 
in  the  Peace  River  District  of  Alberta.  These  were  cut  into  essen¬ 
tially  flat  lying  sandstones  and  shales  of  Upper  Cretaceous  age. 

After  continental  glaciation  these  valleys  were  infilled  with 
Pleistocene  deposits  and  in  many  places  of  the  district  at  the  present 
time,  there  is  no  surface  expression  to  reveal  their  location 
(Henderson,  1959).  The  Little  Smoky  River,  in  the  area  of  the 
bridge  site  however,  has  re-excavated  part  of  its  preglacial  valley. 
The  western  edge  of  this  buried  valley  is  indefinite  but  at  the 
site  borings  indicate  that  the  bank  is  somewhat  further  west  than  the 
crest  of  the  present  valley  (Rennie,  1966). 

The  Upper  Cretaceous  bedrock  formations  of  the  Peace  River 
area  have  been  summarized  by  Rennie  (1966).  According  to  Jones 
(1966),  the  Wapiti  formation  which  is  the  surficial  bedrock  in  the 
area  of  the  bridge  is  not  present  in  the  river  valley  at  the  site. 
Preglacial  river  erosion  had  removed  the  Wapiti  formation  and  exposed 
a  member  of  the  Smoky  River  group.  The  uppermost  bedrock  in  the 
river  valley  at  the  site  is  probably  the  Puskwaskau  formation,  a 
member  of  the  Upper  Smoky  River  group,  which  is  described  by  Jones 
(1966)  as,  "soft  grey  fissile  shales  of  marine  origin".  This 
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description  fits  the  clay  shale  found  during  drilling  operations 
at  the  site. 

Henderson  (1959)  has  identified  three  separate  till  sheets  in 
the  area,  which  he  related  to  three  ice  invasions.  He  named  these 
lower,  middle,  and  upper  tills  because  of  their  stratigraphic  position 
The  upper  till  is  grey  to  grey-brown  with  a  low  pebble  content  and 
a  pronounced  clayey  nature  owing  to  the  large  volumes  of  lacustrine 
deposits  picked  up  by  the  ice  as  it  advanced  over  proglacial  lake 
sediments.  The  middle  till  is  easily  distinguished  from  the  upper 
till  by  its  much  coarser  texture,  blocky  fracture  and  brown  colour. 

The  lower  till  is  described  by  Henderson  (1959)  as  yellow-brown  to 
brownish  grey  with  more  pebbles  than  the  middle  till. 

The  middle  till  was  the  most  widespread  material  found  by 
Henderson  (1959)  in  the  Sturgeon  Lake  map  area.  The  upper  till  was 
very  limited  in  extent,  found  predominatly  in  low  areas.  Rennie 
(1966)  categorized  the  surficial  deposit  found  in  the  river  valley 
as  the  upper  till. 

2.2  Description  of  the  Site 

PLATE  1  is  a  view  of  the  site  from  the  opposite  side  of  the 
valley.  A  large  arcute  scarp  is  outlined  by  snow.  The  entire  area 
below  the  scarp  is  an  undulating  sequence  of  hummocks  and  hollows 
thickly  wooded  with  young  aspen.  Surface  drainage  from  the  low 
areas  has  been  provided  by  a  system  of  ditches  constructed  and 
maintained  by  the  Alberta  Department  of  Highways. 

The  soil  present  at  the  scarp  is  grey  clay  till  similar  to 
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PLATE  I.  VIEW  OF  SLIDE  AREA  MAY  1967 
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that  described  by  Henderson  (1959)  as  the  Upper  Till.  The  presence 
of  fresh  clay  surfaces  and  bent  young  aspens  is  evidence  that  move¬ 
ments  are  taking  place  at  the  scarp.  Recent  breaks  in  the  ground 
surface  between  the  scarp  and  the  river,  are  not  noticeable  and  the 
thick  underbrush  and  long  grass  obscure  surface  cracks  which  may  be 
present.  On  the  approach  highway  to  the  bridge,  however,  there  is 
a  zone  of  intense  surface  cracking  where  settlements  of  up  to  6 
inches  per  year  are  occurring.  The  location  of  this  area  is  shown  on 
the  site  plan  presented  in  the  next  section. 

PLATE  2  is  a  general  view  of  the  bridge  taken  from  a  position 
downstream  of  the  slide.  It  shows  the  pier  and  two  abutments  which 
have  been  affected  by  creep  of  the  slope.  Examination  of  abutment 
No.  1  revealed  an  area  where  the  concrete  has  failed  in  compression 
due  to  thrust  against  the  stationary  bridge  deck.  Abutment  No.  2 
and  pier  No.  1  have  been  built  up  by  the  addition  of  concrete  sections 
and  the  bridge  has  been  placed  on  rollers  to  accomodate  the  movements 
which  are  occurring. 

The  river  at  the  site  does  not  appear  to  be  incised  into  the 
bedrock  but  is  flowing  over  a  bed  of  coarse  boulders.  Although 
little  erosion  seems  to  be  occurring  under  the  bridge,  an  area  of 
intense  erosion  and  local  slipping  shown  in  PLATE  3,  is  evident 
about  two  hundred  feet  downstream.  This  is  a  natural  area  for  river 
erosion  since  it  is  the  outside  of  a  meander  bend.  The  surficial  soil 
at  this  location  appears  to  be  the  same  as  the  grey  clay  till 
identified  at  the  scarp.  Seepage,  in  the  form  of  small  springs,  is 
evident  along  the  immediate  bank  of  the  river  between  the  erosion  area 
and  the  bridge. 
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PLATE  2„  VIEW  OF  THE  BRIDGE 


13 


PLATE  3.  TOE  EROSION  AND  LOCAL  SLUMPING 
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2.3  Detailed  Site  Investigation 

2.3  (a)  Survey  of  Surface  Movements 

The  Alberta  Department  of  Highways  is  presently  recording 
the  surface  movements  which  are  occurring  at  the  site.  The  survey, 
which  began  in  September  1965,  is  conducted  by  accurately  locating 
a  series  of  control  points  at  yearly  intervals.  The  control  points 
consist  of  driven  ten  foot  iron  bars  spaced  along  two  lines  which 
extend  from  the  river  to  the  prairie  beyond  the  scarp.  In  addition, 
a  grid  of  points  spaced  at  50  foot  intervals  is  located  in  the  area 
of  the  bridge  abutments  and  there  are  control  points  on  each  abutment 
and  pier  affected  by  ground  movements.  The  series  of  control  points 
extending  up  the  hill  are  located  in  cut  lines  A  and  B,  shown  on 
PLATE  1. 

The  results  of  the  1966  and  1967  surveys  of  control  points  on 
the  cut  lines  are  presented  in  FIGURE  2.1.  The  points  in  plan  view 
can  be  referred  to  the  superimposed  ground  profiles  above.  The 
magnitude  and  direction  of  movements  for  each  successive  year  is 
shown  by  the  vectors  and  the  elevation  of  the  top  of  the  bar  is  indicated 
beside  each  point.  The  maximum  error  in  the  absolute  position  of 
the  points  along  lines  A  and  B  have  been  estimated  by  the  surveyor 
as  a  circle  with  a  diameter  of  about  0.1  feet.  Error  in  the  elevation 
of  each  point  varies  from  0.03  to  0.07  ft.,  depending  upon  distance 
of  the  point  from  the  benchmark. 

2.3  (b)  Subsurface  Exploration 


Previous  subsurface  investigations  have  been  carried  out  at 
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the  Little  Smoky  site  by  the  Alberta  Research  Council  (Rennie,  1966; 
Hardy  et.  al.,  1962).  The  soils  encountered  were  poorly  identified 
and  in  most  cases  the  boreholes  were  not  deep  enough  to  locate 
bedrock.  Some  of  the  previous  borehole  logs  were  re-i nterpreted  by 
the  author  on  the  basis  of  data  obtained  from  this  investigation. 

During  the  summer  of  1966,  slope  indicators  LS  1  to  LS  5 
and  piezometers  LSP  1A,  LSP  IB  and  LSP  2  were  installed  under  the 
supervision  of  P.  Ali,  research  assistant  of  the  Department  of  Civil 
Engineering.  In  June  1967,  five  additional  slope  indicators  (LS  6 
to  LS  10)  were  installed  by  the  author.  The  location  of  these 
installations  is  shown  on  the  site  plan  FIGURE  2.2.  Complete  sub¬ 
surface  information  obtained  from  these  installations  is  presented 
in  the  borehole  logs  of  APPENDIX  A. 

A  brief  field  description  of  the  major  profile  soils  is 
listed  below  according  to  their  stratigraphic  sequence. 

1.  Grey  till  -  Highly  plastic  grey  clay  till  with  some  pebbles. 
It  extends  to  depths  ranging  from  10  to  75  feet  across  the  site  and 

in  some  boreholes  the  top  10  feet  was  weathered  to  a  grey^brown  colour 

2.  Sand  -  Uniform,  medium  brown  sand.  It  ranges  in  thickness 
from  0  to  15  feet  across  the  site. 

3.  Brown  till  -  Brown  sandy  till  with  streaks  of  grey  clay  and 
many  pebbles.  Larger  size  cobbles  and  boulders,  which  could  not  be 
sampled  are  also  present.  In  addition,  abundant  selenite  crystals 
have  grown  in  the  sand  lenses. 

4.  Clay  shale  -  Grey  clay  shale  containing  some  small  sand 
pockets  and  brown  silt  seams.  The  condition  of  the  bedrock  depends 
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upon  its  depth  below  the  ground  surface.  In  boreholes  where  it  was 
encountered  at  a  depth  less  than  20  feet  it  was  found  to  be  soft  and 
badly  fractured.  When  the  surface  was  located  at  a  depth  greater  than 
about  60  feet  however,  it  seemed  hard  and  generally  intact. 

Drilling  and  sampling  were  performed  with  a  Failing  1500  rig. 
The  boreholes  were  augered  dry  through  the  overburden  material  to  the 
clay  shale  bedrock  and  in  some  instances,  the  bedrock  could  be 
penetrated  several  feet.  When  the  soil  or  rock  became  too  dense  for 
the  dry  auger,  it  was  necessary  to  revert  to  a  water-flush  drilling 
procedure.  In  cases  where  continuous  sand  seams  were  encountered, 
a  bentonite  gel  or  drilling  mud  had  to  be  used  in  order  to  maintain 
circulation. 

Disturbed  soil  samples  were  taken  from  the  auger  every  five 
feet  in  most  boreholes  for  moisture  content  and  soil  classification 
tests.  Undisturbed  sampling  of  the  failure  plane  was  attempted  in 
LSP  2  and  LS  9.  This  was  done  with  the  "Pitcher  Sampler"  which  has 
been  successfully  used  at  the  University  of  Alberta  for  sampling 
clay  shales.  It  basically  consists  of  a  shelby  tube  which  is  advanced 
slightly  ahead  of  a  rotating  core  barrel.  A  complete  description 
of  its  construction  and  operation  is  given  in  the  riverbank  stability 
report  by  the  Department  of  Civil  Engineering,  U.  of  A.,  (1968). 

At  the  point  where  the  slope  indicators  show  maximum  displacement  is 
occurring,  the  soil  was  very  soft  and  could  not  be  recovered  with  this 
sampler.  Samples  were  obtained  however  above  and  below  this  very 


soft  zone. 


lft. 

2.3  (c)  Slope  Indicators  and  Piezometers 

The  slope  indicator  is  an  instrument  designed  for  detecting  and 
measuring  ground  movements.  Aluminum  tubing  is  installed  in  a  clean 
borehole  and  the  annular  space  remaining  in  the  hole  is  backfilled  with 
sand.  In  order  to  preserve  alignment  of  the  instrument,  two  pair  of 
mutually  perpendicular  grooves  are  provided  in  the  tubing.  These  two 
directions  are  nominally  referred  to  as  North-South  and  East-West, 
but  the  actual  orientation  of  the  grooves  was  determined  with  a 
compass  after  installation.  The  orientation  of  each  slope  indicator  is 
shown  on  the  site  plan  with  the  arrow  pointing  in  what  is  referred  to 
as  the  "North"  direction.  The  initial  inclination  of  the  tubing  is 
determined  with  a  "probe"  at  frequent  intervals  of  depth.  By 
obtaining  successive  readings  at  periodic  time  intervals,  the  changes 
in  inclination  which  result  from  ground  displacement  can  be  determined. 

A  complete  description  of  the  slope  indicator  device  is  given  by  Wilson 
(1962)  and  the  installation  procedure  followed  during  this  study  is 
the  same  as  that  used  during  the  stability  investigation  at  the 
University  of  Alberta  Campus  (Department  of  Civil  Engineering,  1968). 

Typical  results  obtained  from  the  slope  indicators  are  shown 
in  FIGURES  2.3  and  2.4.  Dial  changes  and  movement  were  plotted 
versus  depth  for  readings  taken  every  2%  feet.  From  the  results  of 
this  investigation,  the  accuracy  of  the  system  was  found  to  be  about 
±  5  dial  change  divisions.  The  deflection  of  the  tube  through  a 
zone  where  movement  is  occurring  was  indicated  by  a  relatively  large 
dial  change  which  shows  up  as  a  peak  on  the  dial  change  curve. 
Confirmation  of  a  suspected  failure  plane  was  provided  by  growth  of 
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this  peak  with  successive  readings.  The  dial  change  will  continue 
to  increase  in  this  manner  until  the  pipe  is  sheared  and  readings 
can  no  longer  be  obtained. 

A  profile  of  the  pipe  is  reconstructed  when  the  movement  curve 
is  plotted.  This  curve  indicates  the  position  of  any  particular  point 
with  respect  to  the  bottom  of  the  tube.  To  determine  the  relative 
movement  between  successive  reading  points,  the  tangent  of  the  angle  of 
inclination  is  multiplied  by  the  distance  between  the  points.  The 
total  amount  of  movement  experienced  by  any  particular  point  in  the 
tube  is  therefore  the  algebraic  sum  of  displacements  computed  at  each 
interval  below.  In  order  to  calculate  and  plot  the  large  volumes  of 
data  obtained  from  ten  slope  indicators,  a  Fortran  program  was  written 
and  the  University  computer  utilized. 

It  is  evident,  by  examination  of  FIGURE  2.3,  that  two  distinct 
failure  planes  have  been  found  by  slope  indicator  LS  7  in  the 
East-West  direction.  These  are  indicated  by  peaks  in  the  dial  change 
curve  at  depths  of  102  and  88  feet.  It  is  also  possible  that  another 
failure  plane  exists  at  a  depth  of  46  feet,  along  which  less  movement 
has  occurred.  FIGURE  2.4  shows  that  the  failure  plane  is  located  at 
a  depth  of  90  feet  in  slope  indicator  LS  8  and  that  it  is  confined  to  a 
narrow  zone.  With  the  exception  of  LS  5,  at  least  one  well  defined 
failure  plane  was  located  by  each  slope  indicator.  A  summary  of 
this  data  is  given  in  TABLE  1 1 . 1 ,  and  the  remaining  curves  for 
slope  indicators  installed  by  the  author  (LS  6  to  LS  10)  may  be 


found  in  APPENDIX  A. 
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TABLE  II .1 

SUMMARY  OF  SLOPE  INDICATOR  DATA 


Slope 

Depth  to 

Elevation  of 

Elevation  of 

Indi cator 

Failure  Plane(s) 

Failure  Plane(s) 

Bedrock  | 

(ft.) 

(ft.) 

(ft.) 

LS  1 

77 

1589 

1604 

LS  2 

59 

1584 

1629 

LS  3 

39 

1576 

- 

LS  4 

61 

1644 

1647 

LS  5 

- 

- 

■- 

LS  6 

68 

1705 

1635 

184 

1589 

LS  7 

46 

1645 

88 

1603 

1603 

102 

1589 

LS  8 

90 

1579 

1576 

LS  9 

81 

1580 

1643 

LS  10 

38 

1590 

1590  ; 

The  two  piezometers  installed  at  the  site  were  the  (UA  -  GSC) 
transducer  type  described  by  Scott  and  Brooker  (1968).  These  instruments 
were  developed  at  the  University  of  Alberta  to  monitor  pore  water 
pressure  in  highly  plastic  soils  where  time  lag  is  a  problem  (Brooker 
and  Lindberg,  1965).  Since  the  location  of  the  failure  plane  had 
been  determined  by  adjacent  slope  indicators  (LS  1  and  LS  2)  prior  to 


« 


installation  of  the  piezometers,  it  was  possible  to  locate  the  tip 
of  the  piezometer  just  above  the  zone  of  failure. 

FIGURE  2.5  illustrates  the  variation  in  observed  piezometric 
elevation  during  the  fall  of  1966  and  the  spring  of  1967.  Water 
levels  recorded  in  the  adjacent  slope  indicators  are  also  included 
in  this  figure. 
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CHAPTER  III 


LABORATORY  TESTING  PROGRAM 


3.1  General 

A  routine  laboratory  testing  program  was  conducted  to 
determine  the  residual  strength  parameters  required  for  a  stability 
analysis.  In  addition,  index  tests  were  performed  on  the  soils 
described  in  the  previous  chapter.  The  results  of  the  testing 
program  are  presented  in  this  chapter,  along  with  a  brief  description 
of  the  methods  used.  Interpretation  of  these  results  is  reserved  for 
CHAPTER  IV. 

3.2  Index  Tests 

The  results  of  index  tests  performed  on  representative  samples 
of  the  profile  soils  are  presented  in  TABLE  1 1 1 . 1 .  Moisture  content 
profiles  were  also  determined  for  most  boreholes,  these  are  included 
in  the  borehole  logs  of  APPENDIX  A. 

The  tests  were  performed  in  accordance  with  the  procedures 
detailed  by  ASTM  (1958)  with  the  following  exception.  Samples 
prepared  for  determination  of  grain  size  distribution  were  broken 
down  into  primary  particles  by  repeated  freeze-thaw  cycles  rather  than 
drying  and  crushing.  A  washed  sieve  analysis  was  performed  and  the 
soil  passing  the  No.  200  sieve  was  caught  for  the  hydrometer  analysis. 
This  procedure  ensures  that  the  soils  were  never  drier  than  their 
natural  moisture  content. 
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TABLE  III .1 

SUMMARY  OF  INDEX  TESTS 


PHYSICAL  ! 

PROPERTY 

SOIL 

GREY  (a) 
TILL 

SAND 

BROWN 

TILL 

CLAY  SHALE 

SOFT 

HARD 

NATURAL 

WATER  CONTENT 

% 

22  (b) 

17  -  29 

26 

21 

15  -  26 

21 

15  -  27 

15 

13  -  17 

LIQUID  LIMIT 

% 

48 

47  -  49 

NP 

43 

41  -  44 

55 

51  -  60 

48 

45  -  51 

PLASTIC  LIMIT 

% 

18 

17  -  20 

NP 

21 

20  -  23 

31 

19  -  34 

23 

22  -  24 

PLASTIC  INDEX 

% 

30 

NP 

22 

24 

25 

LIQUIDITY  INDEX 

% 

.05 

NP 

0 

-.08  -  +.03 

-.28 

-.10  -  -.59 

-.37 

%  SAND 

23  -  25 

82 

25  -  60 

5  -  6 

%  SILT 

34  -  40 

12 

31  -  40 

51  -  57 

%  CLAY 

23  -  35 

6 

9  -  35 

38  -  43 

ACTIVITY 

.74 

- 

.63 

.60 

SPECIFIC  GRAVITY 

2.71 

2.71 

BULK  DENSITY  (pcf) 

139 

(a)  Including  results  from  Rennie  (1966) 

(b)  Average  and  range  of  values 


NP  -  Non  Plastic 
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3.3  Mineralogical  Composition 

The  mineralogical  composition  of  the  clay  size  fraction  of  the 
profile  soils  was  determined  by  the  Geology  Division  of  the  Research 
Council  of  Alberta.  The  results,  presented  in  TABLE  1 1 1. 2,  were 
obtained  by  X-ray  diffraction  techniques  considered  accurate  only 
within  ±10  percent. 

TABLE  III. 2 


RELATIVE  PROPORTION  OF  CLAY  MINERALS 
IN  CLAY  SIZE  FRACTION  OF  PROFILE  SOILS 


Clay 

Mi neral 

Soil  Type  and  Sample  No. 

Grey 

Till 

8/35 

Sand 

6/80 

Brown 

Till 

8/65  &  6/100 

Clay 

Shale 

9/79 

%  Montmoril Ionite 

60(17) 

85(5) 

90(31,9) 

20(8) 

%  1 1 1 i te 

20(7) 

10(1) 

5(2,0) 

60(25) 

°l  Chlorite 

20(7) 

5(0) 

5(2,0) 

20(8) 

Notes:  Figures  in  brackets  are  percentages  of  total  sample 
Sample  code  8/35  -  LS  8,  35  ft. 


3.4  Consolidation  Test 

The  results  of  a  consolidation  test  performed  on  an  undisturbed 
sample  of  clay  shale  are  illustrated  in  FIGURE  3.1.  The  sample  was 
obtained  from  a  depth  of  87.5  feet  (approximately  5  feet  below  the 
failure  plane)  in  borehole  LS  9.  The  procedure  for  conducting  the 
test  is  described  by  Lambe  (1951)  with  the  following  modification. 

A  swelling  pressure  (Ps)  of  1.4  tons  per  square  foot  was  measured  by 
maintaining  a  constant  void  ratio  after  initial  immersion  in  distilled 
water.  During  preparation,  the  sample  was  observed  to  be  intact  and 
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FIGURE  3.1 


computations  showed  that  it  was  saturated  at  a  moisture  content  of  16 
percent.  When  loaded  in  the  oedometer  to  48  tons  per  square  foot,  the 
observed  magnitude  of  volume  change  was  small  and  rebound  was  100 
percent  upon  stress  release. 

3.5  Shear  Strength  Study 

3.5  (a)  Triaxial  Compression  Tests 

FIGURE  3.2  illustrates  the  Mohr  envelope  obtained  from  four 
consolidated  undrained  triaxial  tests  performed  on  undisturbed  clay 
shale  samples.  These  tests  were  conducted  on  soil  obtained  from 
the  zone  of  failure  at  LSP  2.  The  samples  were  tested  at  cell 
pressures  of  60,  90,  150  and  350  psi  under  a  back  pressure  of  30  psi 
in  each  case  to  ensure  complete  saturation.  The  failure  criteria 
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adopted  for  this  series  of  tests  was  maximum  deviator  stress.  The 


results  show  an  effective  angle  of  shearing  resistance  (0‘)  of  32 

r 

degrees  and  zero  cohesion  (Cp). 


3.5  (b)  Direct  Shear  Tests 

The  residual  angle  of  shearing  resistance  of  the  clay  shale  and 
till  overburden  was  determined  from  direct  shear  tests.  In  order  to 
achieve  the  large  strains  required  to  reduce  the  strength  of  an 
undisturbed  soil  to  its  residual  value,  a  reversing  technique 
similar  to  that  described  by  Rennie  (1966)  was  employed.  The  following 
variations  in  sample  preparation  were  used  in  order  to  aid  in 
selection  of  the  most  probable  field  value. 

1.  Undisturbed  samples  were  cut  to  fit  the  shear  box  and  stressed 
to  the  peak  strength  at  a  rate  of  7x10"^  inches  per  minute  (24  hours 

to  failure).  These  were  then  reduced  to  residual  strength  by 
continued  reversals  at  a  rate  of  6x10”^  inches  per  minute. 

2.  Undisturbed  samples  were  prepared  in  two  halves,  which  formed 
a  smooth  "pre-cut"  failure  plane  when  put  together.  The  soil  was  then 
subjected  to  eight  or  ten  reversals  or  until  a  constant  shear  stress 
was  obtained. 

3.  A  remoulded  sample  was  preconsolidated  from  a  slurry  in  a 
large  oedometer  by  loading  in  stages.  The  manufactured  soil  sample  was 
trimmed  to  size  for  the  direct  shear  box  and  reduced  to  residual 
strength  at  a  rate  of  6xl0"4  inches  per  minute. 

For  each  of  the  tests  mentioned  above,  displacement  from  the 
centre  was  0.1  inches  in  both  forward  and  reverse  directions  which 
provided  a  total  travel  of  0.2  inches  per  cycle.  The  shear  load 
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was  measured  with  a  calibrated  load  cell  and  horizontal  displacement 
was  measured  with  a  linear  variable  differential  transducer  (LVDT)!,  These 
instruments  were  connected  to  a  data  accumulation  system  which 
printed  readings  on  a  paper  tape  every  ten  minutes.  The  operation  of 
this  system  is  described  in  more  detail  by  Rennie  (1966).  The 
maximum  shear  force,  which  occurred  at  or  just  before  each  reversal , 
was  determined  and  the  ratio  of  shear  stress  to  normal  stress  ( 
was  plotted  against  total  displacement. 

A  typical  stress  ratio  versus  displacement  curve  is  shown  in 
FIGURE  3.3.  During  this  investigation,  the  forward  direction  always 
produced  a  slightly  smaller  limiting  value  of  Since  this  was 

also  the  direction  in  which  the  soil  was  initially  sheared,  it  was 
consistently  adopted  as  the  required  point  for  the  Mohr  diagram.  In 
order  to  reduce  the  stress  ratio  obtained  to  a  shear  stress  and  a 
normal  stress,  an  area  must  be  determined.  Due  to  the  indeterminate 
nature  of  the  stresses  and  strains  on  the  failure  plane  during  the 
test  (Sowers,  1963)  the  average  of  the  initial  area  and  the  area  at 
maximum  shear  displacement  was  chosen. 

Results  of  the  direct  shear  tests  performed  on  the  clay  shale 
are  shown  on  the  Mohr  diagram,  FIGURE  3.4.  The  soil  used  for  this 
series  of  tests  was  obtained  from  LS  9  at  a  depth  ranging  from  79  to  80 
feet,  which  is  just  above  the  failure  zone.  Each  envelope  drawn  was 
obtained  from  one  sample  which  was  reconsolidated  several  times  to 
higher  normal  stresses.  Results  from  one  sample  of  remoulded  brown  till, 
tested  at  four  normal  loads,  are  shown  in  FIGURE  3.5.  Sample  data  sheets 
for  the  direct  shear  tests  performed  are  contained  in  APPENDIX  C. 
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CHAPTER  IV 


INTERPRETATION  OF  FIELD  AND  LABORATORY  DATA 


4.1  Field  Data 

4.1  (a)  Surface  Movement  Study 

A  survey  of  the  control  points  a  year  after  installation 
provided  the  first  set  of  movement  vectors  presented  in  FIGURE  2.1. 

These  results  were  obtained  in  May  1967  and  were  the  first  quantitative 
data  to  support  the  hypothesis  that  the  entire  area  below  the  scarp  is 
moving.  This  finding  lead  to  an  expansion  of  the  investigation  of 
the  instability  by  the  installation  of  five  additional  slope 
indicators  (LS  6  to  LS  10).  Survey  data  for  the  second  year  was 
received  in  January  1968.  The  second  set  of  movement  vectors  plotted 
substantiates  the  downhill  trend  observed  the  previous  year. 

It  was  necessary  to  consider  accuracy  of  the  survey  and  the 
effect  of  frost  action  on  the  iron  bars  before  concluding  there  had 
been  recent  movement  of  the  slope.  The  horizontal  displacement  vectors 
shown  are  generally  well  outside  the  estimated  limit  of  survey  error. 

The  movement  observed  was  toward  the  river  even  for  bars  such  as  K 
and  J,  which  were  located  in  a  depression  where  the  local  slope  is 
uphill.  In  the  case  of  bar  j,  where  the  movement  appears  contrary 
to  the  trend,  the  vectors  are  within  the  estimate  of  survey  error. 

The  definite  downhill  trend  established  by  the  second  set  of  horizontal 
movement  vectors  suggests  that  frost  action  is  not  influencing  the  results 
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to  any  significant  extent. 

FIGURE  2.1  shows  that  the  rate  of  movement  is  generally  less 
for  points  near  the  scarp  than  for  those  near  the  river.  The 
magnitude  and  direction  of  the  displacement  experienced  by  any 
particular  bar  is  also  influenced  by  the  local  slope  on  which  it  is 
situated.  Bars  located  on  local  slopes  steeper  than  the  average 
gradient  of  7  degrees  for  example  have  moved  further  than  adjacent 
bars  in  the  bottom  of  depressions.  These  local  variations  may  be 
caused  by  creep  in  the  upper  weathered  soil  zone  rather  than  relating 
to  slide  activity  occurring  at  greater  depth.  The  overall  results 
do  indicate  however,  that  differential  movement  is  taking  place  along 
1 ines  A  and  B. 

4.1  (b)  Instrumentation 

The  failure  plane  at  the  bridge  abutments  was  located  by 
slope  indicators  LS  1,  LS  2  and  LS  3  during  the  summer  of  1966. 

Later  that  summer,  LS  4  and  LS  5  were  installed  but  it  was  not  until 
the  following  spring  that  results  were  obtained.  At  LS  4,  the 
failure  plane  was  located  in  the  brown  till,  just  above  the  till -shal 
interface,  however,  slope  indicator  LS  5  showed  no  movement.  LS  5 
was  a  shallow  installation,  situated  on  a  relatively  high  knoll, 
hence  it  was  suspected  that  it  was  not  deep  enough  to  intersect  the 
failure  plane. 

When  the  locations  for  slope  indicators  LS  6  to  LS  10  were 
chosen  in  May  1967,  particular  care  was  given  to  LS  6.  It  was 
located  in  a  depression,  and  installed  to  a  depth  of  200  ft.  The 
site  of  LS  7  was  the  only  other  ticcessible  location  on  line  B  of 


FIGURE  2.2.  Other  slope  indicators  were  positioned  in  an  attempt  to 
define  the  lateral  extent  of  the  sliding  area.  At  LS  10,  for  example 
a  deep  gulley  cut  by  the  creek  was  thought  to  be  a  possible  boundary 
of  the  slide  but  this  was  not  found  to  be  the  case. 

At  least  one  failure  plane  was  located  in  each  of  the  second 
set  of  slope  indicators,  as  listed  in  TABLE  II. 2.  Results  from  slope 
indicators  LS  6  and  LS  7  confirm  that  the  failure  plane  is  very  deep 
and  approximately  horizontal.  Where  more  than  one  failure  zone  was 
located  in  a  slope  indicator,  the  greatest  relative  movement  was 
found  to  be  occurring  along  the  one  at  greatest  depth.  This  zone  is 
referred  to  as  the  "main"  failure  zone  and  the  zones  above,  where  the 
relative  movement  is  less,  are  referred  to  as  "intermediate"  zones. 

An  interpretation  of  the  significance  of  these  intermediate  failure 
zones  is  reserved  for  subsection  4.2  (c). 

The  failure  planes  observed  in  most  slope  indicators  were 
confined  to  narrow  zones  from  2  to  4  feet  in  width.  At  installation 
LS  8,  illustrated  in  FIGURE  2.4,  the  width  of  the  failure  zone  is 
about  2h  feet.  Since  readings  were  taken  every  2%  feet  in  the  slope 
indicator  tube,  only  one  reading  (91.5  ft.)  at  the  very  bottom  of  the 
zone  was  obtained.  This  condition  gave  rise  to  the  apparent  anomaly 
that  the  slide  moved  uphill  between  readings  5  and  6.  This  situation 
was  clarified  however,  by  additional  detail  readings  throughout  the 
failure  zone,  taken  by  chance  during  that  period.  The  detail  dial 
readings,  inset  in  FIGURE  2.4,  show  a  large  positive  dial  change  at 
a  depth  of  90  feet,  which  is  between  the  normal  reading  interval. 

The  cumulated  displacement  or  total  movement  curves  drawn 
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are  dependent  upon  the  specific  location  of  the  instrument  at  the 
time  the  reading  was  obtained  within  the  failure  zone.  A  completely 
different  set  of  curves,  would  be  obtained  if  the  readings  were 
taken  at  other  locations  within  the  failure  zone.  In  order  to  obtain 
an  accurate  representation  of  the  true  movement,  readings  would  have 
to  be  obtained  at  least  every  6  inches  throughout  the  failure  zone. 
This  was  not  done  during  the  investigation,  however,  detailed 
readings  were  taken  in  some  slope  indicators  where  doubt  existed 
regarding  the  precise  location  of  the  failure  plane. 

Mud  which  had  seeped  into  the  slope  indicator  tubing  caused 
difficulties  with  some  installations.  When  initial  readings  were 
taken  in  slope  indicator  LS  9,  15  feet  of  mud  was  found  in  the  bottom. 
Since  the  top  of  the  mud  was  at  the  elevation  of  the  failure  plane, 
only  the  last  reading  showed  significant  dial  change.  In  this 
instance,  detailed  readings,  shown  in  APPENDIX  A,  provided  an 
accurate  location  of  the  failure  plane.  After  two  sets  of  readings 
had  been  obtained  in  slope  indicator  LS  6  and  the  main  failure  plane 
located  at  a  depth  of  184  feet,  the  probe  would  not  penetrate  through 
the  failure  zone  due  to  mud  accumulation.  This  difficulty  was  only 
experienced  in  slope  indicators  where  the  failure  was  located  in 
clay  shale.  It  is  the  opinion  of  the  author  that  very  soft,  re¬ 
moulded  clay  shale  at  the  failure  zone  has  oozed  through  the  joints  of 
the  tubing  as  a  result  of  excess  hydrostatic  pressure.  This  condition 
would  exist  if  seepage  were  occurring  along  the  failure  zone. 

The  data  obtained  from  the  two  piezometers  installed  at  the 
site  was  of  limited  use  during^  the  investigation.  Since  they  are 
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located  close  together  and  beside  the  bridge  abutments,  the  readings 
are  not  applicable  to  a  stability  analysis  of  the  slide  area  as  a 
whole.  The  results  do  indicate,  however,  that  there  is  little 
fluctuation  in  piezometric  level  with  the  season  of  the  year.  In 
addition,  the  elevation  of  the  water  surface  in  the  slope  indicators, 
shown  by  the  three  points  in  FIGURE  2.5,  is  a  reasonable  approximation 
of  the  piezometric  pressures  existing  at  the  failure  plane.  As  a 
consequence  and  in  lieu  of  installing  more  piezometers  at  the  site, 
the  piezometric  line  used  in  the  stability  analysis  of  CHAPTER  V  was 
obtained  from  the  water  levels  observed  in  the  slope  indicator  tubing. 

4.2  Slide  Profile 

4.2  (a)  General 

The  major  soil  strata  encountered  at  the  site  and  the 
mechanism  of  failure  deduced  from  the  accumulated  data  are  i 1 1 ustrated 
in  the  stratigraphic  profile,  FIGURE  4.1.  Since  the  area  is  very 
large  and  the  number  of  boreholes  was  limited,  a  great  deal  of 
extrapolation  was  required.  It  is  necessary  to  consider  the  many 
factors  involved  in  relation  to  their  overall  importance  in  the  final 
analysis.  It  is  the  opinion  of  the  author  that  this  profile  (FIGURE  4.1) 
is  the  best  working  model  available.  The  direct  and  indirect  evidence 
which  lead  to  its  choice  is  discussed  in  this  section. 

4.2  (b)  Stratigraphic  Profile 

The  major  soil  types  found  at  the  site  have  been  described 
previously  as  grey  till,  sand,  brown  till  and  clay  shale.  The 
boundary  between  the  upper  grey  till  and  the  sand  seam  is  distinct 
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but  the  sand  gradually  grades  into  the  brown  till  below.  The  sand 
seam  is  probably  neither  continuous  nor  uniform  between  boreholes  as 
drawn,  however,  this  simplified  assumption  is  not  important  in  the 
light  of  other  unknowns  when  assessing  the  stability  of  the  slope. 

The  bedrock  surface  at  the  site  slopes  up  gently  toward  the 
scarp.  About  400  feet  from  the  edge  of  the  river,  a  hump  composed 
of  soft,  weathered  bedrock  was  found.  This  rise  in  the  bedrock  surface 
was  located  during  installation  of  slope  indicators  LS  9,  LS  2  and 
LS  10.  The  soil  was  soft  enough  that  a  dry  auger  would  penetrate 
easily  and  disturbed  samples  of  the  upper  material  consisted  of 
hard  lumps  in  a  soft  matrix.  The  foundations  for  abutments  1  and  2 
consist  of  steel  H  piles  driven  to  refusal  in  the  bedrock  hump.  The 
failure  plane  at  this  location  passes  through  the  harder,  unweathered 
shale  below.  Further  upslope,  at  LS  7  and  LS  6,  soft  shale  could 
not  be  identified.  Where  the  shale  surface  was  deep,  the  brown 
till  became  very  stiff  and  wet  drilling  was  necessary.  With  this 
procedure,  the  only  indication  of  the  condition  of  the  bedrock  was  the 
ease  of  penetration  or  the  rate  of  cutting.  This  drilling  criterion, 
indicated  that  the  bedrock  at  LS  6  and  LS  7  was  hard.  The  distinction 
is  not  made  between  hard  and  soft  shale  on  the  profile  because  of  the 
uncertainties  involved.  Overlying  the  bedrock  ahead  of  the  hump, 
are  sands  and  gravels  of  alluvial  origin.  Above  this  is  mixed  grey 
and  brown  till,  a  product  of  the  slide  activity. 

The  slope  indicators  and  piezometers  indicate  that  the  sand 
is  a  major  water  bearing  stratum  and  a  relatively  high  water  table 
exists  at  the  site.  The  water  level  in  the  upper  part  of  the  slope 
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was  located  in  the  sand  stratum  but  artesian  pressure  was  encountered 
during  installation  of  slope  indicator  LS  7.  The  hole  was  dry  through¬ 
out  the  grey  till  but  water  rose  20  feet  into  the  borehole  when  the 
sand  stratum  was  encountered.  Over  the  bedrock  hump,  the  water 
level  was  indicated  by  piezometer  LSP  1A  and  the  water  elevation  in 
LS  9.  The  water  table  shown  on  the  profile  intersects  the  ground 
surface  just  above  the  high  water  level  of  the  river.  As  stated 
previously  seepage  was  observed  along  the  bank  of  the  river,  in 
the  vicinity  of  the  bridge,  during  the  spring  and  summer  of  1967. 

The  water  table  shown  in  FIGURE  4.1  was  used  for  the  stability 
analysis  described  in  CHAPTER  V.  It  is  uncertain  whether  or  not 
this  head  of  water  is  indicative  of  the  neutral  stress  acting  on  the 
failure  plane.  The  slope  indicator  tubing  allows  ground  water  to 
enter  through  seams  and  connections  at  any  depth,  therefore,  the 
water  level  at  a  location  such  as  LS  6  is  determined  by  the  water 
pressure  in  the  permeable  sand  stratum.  The  brown  till,  which 
contains  many  sand  seams  would  probably  have  a  high  permeability 
relative  to  the  dense  grey  till  which  overlies  it.  If  the  clay  shale 
above  the  failure  plane  contains  fissures  or  fractures,  then  the 
pressure  head  on  the  failure  plane  would  be  equal  to  or  greater  than  that 
computed  from  the  water  level  in  the  slope  indicators. 

4.2  (c)  Failure  Mechanism 

The  system  of  seven  sliding  blocks  illustrated  on  the  slide 
profile,  FIGURE  4.1,  has  been  deduced  as  the  mode  of  failure  for 
this  landslide.  The  main  failure  zone,  established  by  the  slope 
indicators  is  essentially  horizontal  at  an  elevation  of  1589  feet. 


Intermediate  failure  planes,  found  in  LS  6  and  LS  7  were  correlated 
with  the  ground  surface  profile  to  divide  the  sliding  mass  into  a 
system  of  blocks.  The  location  of  the  first  three  blocks  is  based 
solely  on  the  surface  profile.  The  main  slide  surface  was  terminated 
by  extrapolation  from  the  observed  scarp. 

The  control  survey,  discussed  in  subsection  4.1(a)  showed 
that  the  rate  of  movement  decreases  along  lines  A  and  B  from  the 
river  toward  the  scarp.  This  observation  is  consistent  with  the 
deduced  mode  of  failure.  For  any  two  adjacent  blocks,  the  one 
situated  on  the  downhill  side  must  be  moving  slightly  faster  than  the 
uphill  block.  If  this  were  not  the  case,  the  intermediate  failure 
planes  would  not  have  been  located  by  the  slope  indicators  since  no 
differential  movement  would  occur  across  them.  The  blocks  must 
therefore  act  independently,  which  leads  to  the  important  conclusion 
that  the  factor  of  safety  must  be  unity  for  each  individual  block. 

4.3  Laboratory  Data 

4.3  (a)  Index  Tests 

The  index  tests  and  mineral ogical  analysis  performed  on  the 
clay  shale  indicate  that  it  is  unlike  most  Upper  Cretaceous  shales  of 
Western  Canada.  The  soil  is  essentially  inactive  and  has  a  liquid 
limit  less  than  half  that  found  for  the  clay  shale  of  the  Edmonton 
Formation  (Sinclair  and  Brooker,  1967)  or  the  Bearpaw  Shale 
(Peterson,  1954).  This  is  probably  due  to  the  low  montmoril Ionite 
content  reported  in  TABLE  III. 2. 

The  plasticity  characteristics  of  the  grey  and  brown  tills 
were  very  similar  but  the  distinction  is  evident  on  the  basis  of 
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colour  and  texture.  The  grey  till  is  relatively  uniform  throughout 
its  depth  whereas  the  brown  till  is  erratic  in  nature.  The  variation 
in  proportion  of  sand,  silt  and  clay  among  the  samples  of  brown  till 
tested  was  very  great  because  of  the  abundant  in-si tu  sand  seams. 
Non-uni formi ty  of  the  strata  also  made  it  very  difficult  to  obtain 
representati ve  samples. 

4.3  (b)  Consolidation  Test 

The  consolidation  test  gives  an  indication  of  the  potential 
for  a  particular  clay  shale  to  fail  progressi vely  (Bjerrum,  1967). 

The  performance  of  highly  overconsolidated  clay  shales  under  load  is 
related  to  the  presence  or  absence  of  diagenetic  bonding.  Bjerrum 
(1967),  estimates  the  degree  of  bonding  in  a  clay  shale  by  the  amount 
of  rebound  which  took  place  during  initial  unloading  in  its  geologic 
history . 

The  clay  shale  at  the  Little  Smoky  site  presently  exists  at  a 
liquidity  index  of  -0.3  suggesting  that  little  rebound  occurred 
as  a  result  of  past  stress  reduction.  From  Bjerrum's  concept,  it 
can  be  inferred  that  diagenetic  bonds  formed  in  this  soil  under 
maximum  overburden  stress  and  that  these  bonds  limited  the  rebound 
when  the  load  was  removed.  The  influence  of  the  bonds  on  the  results 
of  the  consolidation  test  is  illustrated  in  FIGURE  3.1.  The  soil 
shows  a  high  resistance  to  deformation  under  load  and  complete 
rebound  when  load  is  removed.  Since  there  is  no  abrupt  change  in 
the  slope  of  the  void  ratio  -  log  pressure  curve,  the  strength  of  the 
bonds  has  not  been  exceeded  in  the  stress  range  of  the  test. 

When  a  lump  of  the  hard  clay  shale  was  immersed  in  distilled 
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water,  it  began  to  slake  immediatly.  After  one  day,  the  clay  shale 
had  completely  reverted  to  a  soft  clay  mass.  Brooker  (1967)  has  shown 
that  a  high  degree  of  disintegration  is  also  indicative  of  a  large 
amount  of  stored  strain  energy.  The  energy  is  released  when  slaking 
action  destroys  the  diagenetic  bonds.  This  simple  test  provides 
another  indication  of  the  presence  of  these  bonds  in  the  Little 
Smoky  clay  shale  and  it  illustrates  their  rapid  destruction  by  capillary 
stresses . 

4.3  (c)  Shear  Strength  Study 

The  Mohr  envelope  for  peak  stresses,  obtained  from  the  clay 
shale  (FIGURE  3.2),  is  a  straight  line  over  the  range  of  0  to  400 
psi  effective  normal  stress  and  has  no  cohesion  intercept.  Sinclair 
and  Brooker  (1967)  found  the  peak  strength  envelope  for  bentonitic 
clay  shale  of  the  Edmonton  Formation  curved  at  100  psi  effective  normal 
stress  to  become  parallel  to  the  residual  strength  envelope.  The 
different  behaviour  observed  for  these  two  materials  is  probably 
related  to  mineral ogical  composition  of  the  clay  fraction  and  the 
relative  proportions  of  sand  and  silt  sizes  present. 

When  results  from  the  direct  shear  tests  are  considered  in 
conjunction  with  other  laboratory  data,  several  facts  become  apparent. 
The  clay  shale  exhibits  a  large  drop  in  strength  from  a  peak  angle  of 
32  degrees  to  a  residual  angle  of  approximately  14  degrees  (FIGURE  3.4). 
The  two  peak  strength  points  obtained  from  undisturbed  samples 
coincided  approximately  with  the  strength  envelope  determined  from 
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The  residual  angle  of  18.5  degrees  derived  from  one  sample  of 
remoulded  brown  till  can  only  be  considered  a  rough  approximation  of 
the  ultimate  strength  for  the  undisturbed  material.  Large  variations  in 
shear  strength  would  be  expected  along  any  particular  plane  because 
of  the  heterogeneous  nature  of  the  soil  in-situ.  For  this  reason,  it 
is  difficult  to  obtain  reliable  strength  results  from  laboratory  tests 
on  small  specimens  of  the  till. 

Some  complications  were  encountered  with  the  procedure  and 
apparatus  of  the  direct  shear  test.  The  variation  in  strength  with 
direction  of  travel,  illustrated  in  FIGURE  3.3,  was  observed  in  all 
tests  but  it  was  more  pronounced  with  the  remoulded  samples.  As 
previously  noted,  the  reverse  direction  gave  a  consistently  higher 
shear  stress.  It  is  the  opinion  of  the  author  that  part  of  this 
variation  is  a  result  of  machine  error  and  part  is  actual  strength 
variation  within  the  sample.  The  machine  error  is  possibly  due  to 
calibration  and  restraint  of  the  load  cell.  The  load  cell  is  very 
sensitive  to  bending  stresses  which  may  be  applied  through  the 
partial  end  restraint  on  the  machine.  Observed  roughness  of  the 
failure  plane  may  also  contribute  to  the  variation  in  strength  with 
direction  of  travel. 

The  strength  -  displacement  curve  obtained  from  the  forward 
cycles  was  utilized  to  determine  the  limiting  stress  ratio  during 
this  study.  This  convention  was  adopted  as  the  best  interpretation 
of  the  results  because  the  failure  plane  was  developed  by  initial 
straining  in  this  direction.  If  the  Mohr  envelopes  were  plotted  on 
the  basis  of  the  average  between  the  forward  and  reverse  curves, 
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however,  the  difference  in  residual  angle  would  be  negligeable  in 
most  cases. 

The  procedure  utilized,  whereby  one  sample  was  re-consolidated 
several  times,  provided  good  correlation  for  a  straight  line  Mohr 
envelope.  This  method  eliminates  the  effects  of  soil  variation  from 
sample  to  sample  and  minimizes  machine  errors.  Some  envelopes  obtained 
in  this  manner  showed  a  small  "residual  cohesion"  intercept.  The  author 
has  attributed  this  small  residual  cohesion  to  machine  error  and  it 
has  been  neglected  in  the  analysis. 

The  four  clay  shale  samples  tested  as  described  in  CHAPTER  III, 
produced  residual  strength  envelopes  which  ranged  from  14  to  19.5  degrees. 
The  remoulded  sample,  preconsolidated  to  140  psi,  showed  a  higher 
residual  angle  than  either  the  undisturbed  or  cut  plane  samples. 

Results  obtained  by  Locker  (1968)  from  clay  shales  of  the  Edmonton 
Formation  also  show  unusually  high  residual  angles  for  remoulded 
samples  prepared  by  the  same  procedure.  The  reason  for  this  apparent 
discrepancy  is  not  known,  however,  the  following  explanations  are 
proposed  by  the  author  and  others  presently  conducting  direct  shear 
tests  on  clay  shale  (Locker,  1968). 

1.  The  original  fabric  of  the  undisturbed  sample  has  a  preferred 
horizontal  orientation  whereas  it  probably  is  random  in  the  remoulded 
specimen.  The  reduction  in  strength  of  clays  with  shear  straining 
has  been  attributed  to  orientation  of  particles  on  the  failure  plane 
(Skempton,  1964).  Complete  reorientation  may  not  have  taken  place 
during  shearing  of  the  remoulded  specimen  which  would  be  reflected  by  a 
higher  strength.  Morgenstern  and  Tchalenko  (1967)  working  with 
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a  pure  kaolinite  system  found  the  same  residual  strength  whether 
the  samples  were  sheared  parallel  or  perpendicular  to  the  original- 
fabric.  However,  this  may  not  be  the  case  for  a  natural  soil  contain¬ 
ing  a  variety  of  clay  minerals  and  a  high  proportion  of  silt. 

2.  Microscopic  stratification  of  silt  and  clay  in  a  horizontal 
direction  may  exist  in  the  undisturbed  sample  whereas  the  remoulded 
sample  would  be  more  or  less  homogeneous.  Residual  strength  of  the 
undisturbed  sample  may  be  dictated  by  properties  of  the  soil  on  a 
particular  layer  rather  than  bulk  properties. 

3.  Morgenstern  (1968)  has  postulated  that  segregation  of  particles, 
which  may  occur  in  a  remoulded  soil  during  shear,  is  responsible  for 
unrealistically  low  residual  angles.  The  segregation  may  be  a  result 

of  increased  mobility  of  particles  in  a  remoulded  soil.  This  process 
could  also  account  for  a  high  residual  angle  particularly  in  a 
soil  with  a  large  proportion  of  silt. 

Subsequent  examination  of  the  microstructure  of  clay  shales 
may  clarify  some  of  these  ambiguities.  It  appears  at  present, 
however,  that  the  validity  of  the  residual  strength  parameter 
determined  from  remoulded  samples  is  questionable  for  this  material. 

The  minimum  residual  angle  of  14  degrees  was  chosen  as  the  most 
probable  available  strength  of  the  clay  shale  on  the  slide  surface. 

This  value  was  determined  by  one  undisturbed  sample  and  confirmed 
by  a  sample  with  a  cut  plane. 


CHAPTER  V 


STABILITY  ANALYSIS 


5.1  General 

The  purpose  of  the  stability  analysis  is  to  establish  a 
rational  explanation  for  development  of  the  slide  and  continuation 
of  the  movements.  The  mode  of  failure  has  been  postulated  as  a  system 
of  blocks  moving  on  a  plane  which  is  essentially  horizontal.  Since 
the  slope  is  presently  creeping  at  an  almost  constant  rate,  the 
factor  of  safety  must  be  unity  for  the  observed  field  conditions. 

Under  these  circumstances,  the  available  shear  strength  on  any  sliding 
surface  must  be  equal  to  the  residual  strength  of  the  soil  concerned 
(Skempton,  1964). 

The  analysis  is  approached  from  both  a  quantitative  and 
qualitative  basis.  The  numerical  analysis  is  limited  to  a  rough 
approximation  because  of  indeterminate  forces  within  the  slope. 
Nevertheless  a  possible  mechanism  to  explain  the  continuing  movements 
is  proposed.  Progressive  development  of  the  sliding  surface  is 
explained  by  Bjerrum's  (1967)  hypothesis  in  section  5.3. 

5.2  Wedge  Analysis 

The  numerical  analysis  was  performed  using  the  wedge  method 
developed  by  the  U.S.  Corps  of  Engineers  (1960).  This  method  has 
been  found  most  satisfactory  for  slopes  in  Western  Canada  where  the 
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failure  surface  is  usually  defined  by  several  planes  (Scott  and 

Brooker,  1968).  The  factor  of  safety  is  defined  as: 

tan  0_ 

F.S.  =  _ 1 

tan  0d 

where:  0a  is  the  available  friction  angle  for  the  soil  through 
which  the  failure  plane  passes  and 
0d  is  the  friction  angle  developed  on  that  plane. 

The  available  friction  angle  is  the  measured  residual  strength  of 
either  till  or  shale  as  listed  in  TABLE  V.l.  Where  a  failure  plane 
passes  through  the  shale  and  till,  an  average  value  was  used.  Neutral 
stresses  were  calculated  from  the  piezometric  level  shown  on  the  slide 
profile  (FIGURE  4.1). 

TABLE  V.l 

SOIL  PROPERTIES  USED  IN  WEDGE  ANALYSIS 


So  i  1 

Avai Table 
00 
r 

Shear  Strength 

C' 

r 

Unit  Weight  (pcf) 

Y  Sat  Yb 

Till 

18 

0 

125^a ) 

63 

Shale 

14 

0 

139 

77 

(a)  Assumed  value 


An  analysis  of  the  entire  sliding  mass  between  the  scarp  and 
the  river  gave  a  factor  of  safety  of  2.3.  This  conventional  approach 
to  the  problem  assumes  that  the  soil  above  the  main  failure  plane 
is  moving  as  a  unit,  ignoring  any  intermediate  sliding  surfaces. 

The  field  observations  indicate,  however,  that  the  slide  area  is 
broken  into  a  system  of  blocks  which  are  moving  at  different  rates. 


52. 


Any  particular  block  is  not  fully  restrained  by  blocks  situated  down¬ 
hill  because  they  are  moving  slightly  faster.  Each  block  must  therefore 
be  analysed  independently  to  determine  a  factor  of  safety,  which 
should  be  unity. 

In  order  to  analyse  each  block  as  a  free  body  in  static 
equilibrium,  reactions  on  the  planes  between  them  must  be  evaluated. 

In  subsection  4.2(b)  it  was  shown  that  movement  on  these  planes  is 
such  that  any  particular  block  is  attempting  to  move  away  from  its 
adjacent  uphill  block.  Thus  the  magnitude  and  direction  of  the 
passive  force  on  any  particular  block  changes  with  time,  requiring 
that  an  assumption  be  made.  Three  possible  assumptions  which  allow 
evaluation  of  this  passive  resistance  are  considered  in  the  analysis. 
Results  from  the  wedge  analysis  together  with  a  statement  of  the 
three  assumptions  used  are  summarized  in  TABLE  V. 2. 

The  first  assumption,  that  the  passive  force  is  inclined,  leads 
to  progressi vely  higher  factors  of  safety  for  the  uphill  blocks. 

It  gives  the  same  factor  of  safety  as  would  be  obtained  by  analysing  the 
slide  as  a  unit  from  the  block  in  question  to  the  river.  There  is 
complete  static  equilibrium  of  the  block  system  which  implies  that 
no  differential  movement  is  occurring  between  blocks.  Assumption  C 
represents  the  opposite  extreme.  If  the  passive  force  is  zero, 
each  block  must  act  as  a  rigid,  independent  unit.  This  assumption 
implies  that  the  blocks  seperate  slightly  along  the  plane  between 
them,  an  improbable  condition  which  leads  to  low  factors  of  safety 
but  does  provide  a  lower  limiting  value. 

The  intermediate  assumption,  B,  provides  a  reasonable  estimate 
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TABLE  V . 2 

RESULTS  OF  WEDGE  ANALYSIS 


Passive 

Force 

Assumption 

Factor  of  Safety  for  Block 

1 

2 

3 

4 

5 

6 

7 

A 

( Incl i ned) 

- 

1.2 

1.4 

2.0 

B 

(Vertical ) 

- 

1.0 

1.0 

1.4 

1.4 

1.2 

1.1 

C 

(Zero) 

1.4 

0.8 

0.7 

0.9 

1.2 

1.0 

0.8 

F^'RvSSU'E  FoP.CE 


4’dn 

TYPICAL  ADJACENT  BLOCKS 


pP 

Assumption 

A 

The  passive  force  is  equal  and  opposite  to  the  active  force  (P.) 
on  the  preceding  block.  It  is  inclined  at  an  angle  from 

the  normal  to  the  surface. 

B 

Only  the  vertical  component  of  the  force  calculated  by  assumption 

A  is  acting.  It  is  equal  to  the  weight  of  the  active  wedge  of  the 
preceding  block. 

C 

Zero.  No  force  transmitted  between  blocks. 

' 
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of  the  true  factor  of  safety  in  most  cases.  As  a  block  tends  to  move 
away  from  its  adjacent  uphill  block,  there  is  a  moment  when  the  internal 
force  E  between  active  and  neutral  wedges  is  reduced  to  zero.  Thus 
the  passive  force  on  the  uphill  block  would  just  be  the  weight  of  the 
active  wedge  of  the  downhill  block.  This  force  would  act  vertically 
downward  on  the  intermediate  plane  between.  If  this  is  the  case 
however,  the  active  wedge  of  the  downhill  block  would  not  be  in 
static  equilibrium  and  movement  would  occur  along  the  intermediate 
failure  zone.  This  conclusion,  however,  is  compatible  with  the  field 
observati ons . 

Many  factors  which  have  not  been  resolved  during  the  investigation, 
affect  the  computed  factors  of  safety  for  various  blocks. 

1.  The  precise  distribution  and  inclination  of  the  intermediate 
failure  planes. 

2.  The  possibility  of  seepage  along  the  main  failure  zone. 

3.  The  value  of  18  degrees  which  may  not  be  indicative  of  the 
residual  strength  of  the  combined  grey  and  brown  till.  (When  this  value 
was  reduced  to  16  degrees  the  factor  of  safety  was  reduced  by  0.1 

for  each  case  listed  in  TABLE  V. 2)  The  analysis  is  therefore  an 
approximation  to  the  field  conditions  and  for  this  reason  the  results 
are  quoted  only  to  within  ±0.1. 

The  internal  force,  transmitted  from  block  to  block  may  in 
reality  vary  between  the  limits  of  assumptions  A  and  C.  Some  natural 
agent  such  as  river  erosion  or  high  piezometric  pressures  caused  by 
seepage  along  the  failure  plane  can  trigger  movement  in  the  first 
block  of  the  series.  The  passive  restraint  on  the  second  block  is 
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subsequently  reduced  until  its  factor  of  safety  becomes  unity  and 
movement  occurs.  In  this  manner,  a  chain  reaction  is  initiated 
and  small  displacements  occur  at  each  successive  block  along  the  main 
failure  plane. 

5.3  Progressive  Failure 

The  findings  at  Little  Smoky  confirm  that  the  requisite  conditions 
for  a  progressive  failure,  as  stated  by  Bjerrum  (1967),  are  satisfied. 

The  clay  shale  posesses  a  large  amount  of  recoverable  strain  energy 
which  results  in  lateral  expansion  when  gradually  released.  The 
process  is  initiated  by  river  erosion  and  leads  to  the  development  of  a 
continuous  surface  along  which  the  strength  has  been  reduced  to  its 
residual  value.  When  the  active  earth  pressure  of  the  soil  above 
exceeds  the  residual  strength  of  the  clay  shale,  a  block  breaks  off 
and  the  process  is  re-initiated. 

5.4  Stabilization 

The  topography  of  the  Little  Smoky  River  valley  is  indicative  of 
landslides  formed  by  retrogressive  sliding.  Some  old  slides  are 
temporarily  stabilized  by  the  changing  course  of  the  river  owing  to  the 
large  quantities  of  gravel  and  cobbles  deposited  on  their  toe.  This 
is  the  situation  on  the  opposite  side  of  the  river  at  the  bridge  site. 

If  the  mechanism  proposed  in  section  5.2  to  explain  ground  movements  at 
the  site  is  correct,  the  key  to  stabilization  is  to  eliminate  the 
factor  which  triggers  movement  of  the  first  block.  It  would  be  necessary 
to  protect  the  bank  from  further  erosion  and  to  install  subsurface 
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drainage  in  order  to  releave  seepage  pressure  and  subsequently  reduce 
the  neutral  stress  on  the  failure  plane.  The  efficiency  of  subsurface 
drainage  would  be  questionable,  however,  and  the  cost  of  adequate 
shore  protection  would  be  very  high  because  of  the  large  lateral  extent 
of  the  slide. 

It  is  the  opinion  of  the  author  that  efforts  to  stabilize  the 
slope  by  the  methods  described  above  would  be  economically  unfeasible. 
The  movements  will  probably  continue  but  it  is  not  expected  that  a 
catastrophic  slide  will  develop.  Continued  maintenance  of  the  bridge 
and  slide  area  is  probably  the  most  satisfactory  remedial  measure  at 
present. 


CHAPTER  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


6.1  General 

The  object  of  this  research  was  to  investigate  the  slope 
movements  which  are  affecting  the  foundations  of  a  bridge  across  the 
Little  Smoky  River.  The  mode  of  failure  has  been  deduced  from  slope 
indicator  installations  and  it  was  substantiated  by  a  stability  analysis 
using  laboratory  determined  residual  shear  strength  parameters.  In 
the  light  of  the  results  and  discussion  presented  in  the  preceding 
chapters,  it  is  believed  that  the  following  conclusions  and  recommendations 
are  justified. 

6.2  Conclusions  which  Pertain  to  Procedure 

1.  In  order  to  obtain  a  reliable  assessment  of  total  displacement 

> 

from  slope  indicator  installations,  readings  are  required  at  least 
every  six  inches  throughout  a  failure  zone. 

2.  It  is  questionable  that  the  minimum  available  resistance  to 
sliding  along  a  failure  surface  in  unweathered  clay  shale  can  be 
reliably  determined  in  the  laboratory  from  remoulded  samples. 

6.3  Conclusions  which  Pertain  to  the  Landslide 

1.  The  size  of  the  slide  area  has  been  underestimated  by  previous 
investigators.  The  entire  area  below  the  scarp,  shown  in  PLATE  1,  is 
moving  at  a  differential  rate,  toward  the  river. 
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2.  The  Little  Smoky  River  at  the  site  under  study  is  re-excavating 
an  infilled  preglacial  channel.  Two  till  sheets  have  been  identified, 
which  extend  to  considerable  depth  in  the  valley  and  overlie  an  Upper 
Cretaceous  clay  shale  bedrock. 

3.  The  main  failure  zone  is  very  deep  and  approximately  horizontal 
in  unweathered  clay  shale.  In  addition,  intermediate  failure  zones 
exist  which  divide  the  sliding  mass  into  a  system  of  blocks. 

4.  The  groundwater  table  at  the  site  is  high  and  seasonal 
fluctuations  are  small. 

5.  Occurrence  of  the  slide  at  the  site  and  its  retrogressive 
nature  can  be  explained  by  Bjerrum's  progressive  failure  hypothesis. 

The  potential  for  a  progressive  failure  in  the  unweathered  clay  shale 
is  high  because  of  the  weak  diagenetic  bonds  which  are  present. 

6.  A  numerical  analysis  by  the  wedge  method  indicates  that  the 
factor  of  safety  for  each  block  is  reduced  to  unity  as  differential 
movement  occurs  along  the  main  failure  plane. 

7.  Attempts  to  stabilize  the  bank  would  probably  be  economically 
unfeasible,  however,  it  is  not  expected  that  the  movements  will 
accelerate  appreciably. 

6.4  Recommendations 

1.  Research  is  necessary  to  develop  a  better  procedure  for 
measuring  residual  strength  in  the  laboratory.  A  rotational  shear 
apparatus  would  be  more  satisfactory  than  the  reversing  shear  box 
because  strain  is  continuous  in  one  direction  and  the  area  is  constant 
during  the  test. 
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2.  Maintenance  of  the  bridge  abutments  should  be  continued  so 
that  ground  movements  can  be  accommodated. 

3.  More  extensive  investigation  is  necessary  prior  to  locating 
highways  and  bridges  in  river  valleys  formed  by  retrogressi ve  sliding. 
Slope  indicators  installed  in  a  critical  area  before  construction  could 
detect  small  movements  and  allow  corrective  action  prior  to  development 
of  a  major  slide. 
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DIRECT  SHEAR  TEST 
SAMPLE  DATA 


SAMPLE  NO.  ^  //SS*  -y*to  DEPTH  < 

LOCATION  _ 


HOLE  jC 


DATE 


SHEET 


OF 


/ 


SAMPLE  DESCRIPTION. 


^2*  m  at j  ///  * 


TOTAL  NORMAL  LOAD  _LB.  TOTAL  NORMAL  STRESS  /  /  O  PS  I 

_ (JS*  g^Q/o4//o/7 _ ) 


WATER  CONTENT 

WT.  WET  SAMPLE  f  TARE 
WT.  DRY  SAMPLE  +•  TARE 

WT.  WATER  p/.  ^  £ 

WT.  DRY  SOIL 
W % 


INITIAL 

/Jo  p/ 


//£  -3/ 


FINAL 

XT3  •  /o 


~Z^a-/~c.  JS .  o& 


^3o  •  <3 


^P-.3  / 


SHEAR  BOX 

f  g  ) 


MACHINE  NO 

AREA 


HT.  OF  SPECIMEN 


VOLUME  OF  SPECIMEN 


WT.  WET  SAMPLE  f  BOX  [start] 
WT.  OF  BOX  _ 


WT.  WET  SAMPLE 

UNIT  WEIGHT _ 

VOID  RATIO  _ 


PCF 


STRENGTH  DATA 


PEAK  STRESS 


DEFORMATION  AT  PEAK 
RESIDUAL  STRESS _ 


REMARKS 


■  nr?  jO 


<2c£. 


7/, 


<a./'«,7/e/7 


£ 


/“ 

C~>  S'  o  o>  n 


*T9/oS*  S  £ ' /"S' J  ///o  /f 

Cf  o  ^  i.„s 

A  /->  tS&e/  y'  A f S"  o<j^ 

/i  ni  ^3 / S*C W  a,  Co  2^  So  o  /'a 

<5*-  /-?</  S  <S  «■  <Pc/S  X'  c/ a-'p  S 

(^0  <9/7S  «  /✓  ©/"It  7^®  C  Z-7  _5  1/ O. 


a^/a/ 


/  ^ 


•  ' 

a  /■  51  T  : 


C2 


UNIVERSITY  OF  ALBERTA 

DEPARTMENT  OF  CIVIL.  ENGINEERING 

SOIL  MECHANICS  LABORATORY 

DIRECT  SHEAR  TEST 

rr/o  o/cye  <?/  /  *  // 

SAMPLE  NO.  6/^/’S~~/'*Zg  DEPTH  /J  *A  &  /Z  a 

LOCATION  /s4//&  3^^/, 

HOLE  6  DATE  /.  s->  S? 

NORMAL  LOAD  7  9-7-6  ^ 

SHEET  /  OF  7. 

CJ~A  r  4  sj  6 

HC 
D  1  SP 

5R  I  ZONTAL 

LACE  MENT 

SHEAR 

FORCE 

VERTICAL 

DISPLACEMENT 

SHEAR 

STRESS 

JAr* 

LVDT 

CYCLE 

IN. 

TOTAL 

IN. 

LOAD 

CELL 

LOAD 

LBS. 

LVDT 

IN. 

o 

e> 

O 

O 

C\/£i  a/o  . 

~  o  446 

.00-768 

- 

7/4 

44/ 

.at-?* 

-  • 

•  6Z7S~ 

4  4s 

-ZoZ 

-  3763 

•  06  48 

*o44s 

4&o 

>368 

-  -  4774 

■oa/3 

■  08/3 

48o 

• 368 

-  6/44 

./06/ 

.  /  06/ 

48o 

36s 

-  •  4  S33" 

•  //76 

•  //76 

780 

.368 

■/7/ 4 

77/4 

777 

///8 

3S4 

~49o4 

•  dJ/« 

7S84 

S7 

*7 

.766 

-  378* 

•  G  £?~  & 3 

7777 

-77 

-  4/4 

--7  6/7 

*764 

7  478 

-//3 

.So 7 

-•0/7/ 

■  //7S 

Z38? 

-4/6 

•S37 

4" '  /6&4 

./SO  4- 

77/ 8 

-//? 

S36 

*3S-43 

/877 

-3o4/ 

-7*0 

•s4o 

t <-4s68 

•7ooo 

-37/4 

77/ 

*S4S 

4  •  6o/o 

'£*48 

■34^7 

~/Zo 

/6S~c s 

4-33/0 

•  0  46s 

+sz 

*43 

'73  9 

4-73S4 

■  0  4 7  9 

-4o9/ 

47S 

■3  4S 

4  -o  4o/ 

•o  9  6 S' 

-  443 

783 

■387 

~/788 

738 

*  4836 

48S* 

39/ 

—343-8 

V  63 

So  9 

4-86 

396 

-  4f*  7 

•  /&& 

S3  4 

48  6 

•396 

-43SZ 

7/3 

ssy 

436 

3/6 

--4337 

■03>S 

tS94 

S3 

-73  9 

-/SSo 

083 

'647 

7o7 

•  487 

4-  *38/ 

7/6 

■  67s 

~~  //o 

493- 

£o+.J  £?*//  X  •  oo  46  o  = 

C— J  X  •  do 
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UNIVERSITY  OF  ALBERTA 

DEPARTMENT  OF  CIVIL  ENGINEERING 

SOIL  MECHANICS  LABORATORY 

DIRECT  SHEAR  TEST 

SAMPLE  NO.  ^  ///S  ~/7o  DEPTH  /A5'  <*■  //C  £> 
LOCATION  /.,///£ 

HOLE  7  <.  6  DATE 

NORMAL  LOAD  7  9S~'  /  */ 

•  SHEET  7  OF  7 

(J~a  -  SS'-S  7>sc 

HC 
D  1  SP 

3RIZONTAL 

LACE  MENT 

SHEAR 

FORCE 

VERTICAL 

D  ISPLACE  MENT 

SHEAR 

STRESS 

JAr* 

LVDT 

CYCLE 

IN. 

TOTAL 

IN. 

LOAD 

CELL 

LOAD 

LBS. 

LVDT 

IN. 

3=-P1 

*  J4-? 

7*  3 

-/// 

■  /To  4- 

.  /7  6 

.737 

—//  3 

•sro<? 

6.  67/0 

•  /  9o 

•  7  47 

~//4 

.S/E 

Zo7 

766 

7/6 

-3Z.  0 

■373 

6-363S~ 

'038 

’  eos~ 

/  4s- 

<5- 

•7or 

/•7o/3 

•o63 

#7:7 

/&*> 

3  6a 

—  /36& 

77  / 

•<737 

/-as- 

■39  / 

~78// 

./46 

•  9/7 

/~S7 

•  4oo 

-3767 

•  /a  & 

■  73-4 

/a  3 

■  /csr 

"‘6/77 

■7  06 

•  97o 

/a  3 

§3  0 

•387 

-■467/ 

*  Ci  7.  6 

■  99/ 

—70 

-  oj 

*3/3/ 

•037 

/  0-^ 

-&7 

/o3o 

■397 

7*2 

/•  <=>^ 

-/OS' 

*475 

/■  •//  7*? 

733~ 

/// 

-/of 

-69/ 

°  r 

/  3/73- 

.760 

/•/ 3 

—//o 

•  4ts 

/•.63r66 

•/as" 

/•OS' 

7/7 

So*# 

/  3~?7S 

/■/a 

~//7 

-  3Te>  6 

/ 

-3-630 

/3£ 

■z&a 

6s~o 

•  4°3~ 

6 -6 /S’/ 

/•era 

-/of 

■■/?/ 

-  ■3&33' 

/•7S 

9<S& 

*9 

‘4°s~ 

A£&s-o 

/•9a 

~/o<3 

^/o 

‘4a  6 

63 /a 

7. /a 

737 

**// 

*  6°  0 

rrjjO 

/  73?CoJ 

■}£*>/>/ a. 

7 

77S  /&£<■ 

1 


TSSER  CO. 


•-»  « 
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UNIVERSITY  OF  ALBERTA 

DEPARTMENT  OF  CIVIL  ENGINEERING 

SOIL  MECHANICS  LABORATORY 

DIRECT  SHEAR  TEST 

3 

SAMPLE  NO.  ~  a  DEPTH  //S'**. Z*Z  O 

LOCATION 

HOLE - 4 _  pate*'  l4.^  ^ 

NORMAL  LOAD  9^/S’7  * 

SHEET  /  OF  / 

)  G~Z  =»  '  S /*>-&< 

HC 
D  1  SP 

DR  1  ZONTAL 

LACE  MENT 

SHEAR 

FORCE 

VERTICAL 

D  IS  PLACE  MENT 

SHEAR 

STRESS 

LVDT 

CYCLE 

IN. 

TOTAL 

IN. 

LOAD 

CELL 

LOAD 

LBS. 

LVDT 

I  N  . 

3^m 

dvaJc. 

~-4//7 

O-  / 

/  /oc/ 

•  3s 7 

O’  3 

-/~rz 

*z 

-  4#6 

—  *T9A& 

o-S~ 

+//S~ 

*. 3 

•  3  7 4 

/0'3X9 

*-7 

~/*s 

*4 

•474 

-•  6  C>£~0~ 

o-<? 

+  //7 

*S~ 

'303 

9'\SX-77' 

/•/  -- 

_ 

'44/ 

— 

/  3 

+  //9 

_ 

■339 

9-.  6909 

/•S’ 

-S43 

'4SS 

-•497& 

/-//? 

■3<?9 

/  -S'?*  * 

/’  7 

~/3T 

*/o 

2/ 

+  '/? 

**// 

30  9 

~X~  -7oe>0^ 

Z  ■  3 

~/4° 

*/2. 

'440 

— S  4  m  o  , 

T^tSda 

n  a  o  7 

T9r/  7^ 

X  <=>«. &/  c  <?  //  (•/- )  X  •  oo  -3Z  ZJZ  ■=* 
(—)  X  ■  ooSZo*  = 


' 


K  i-.lJ  HI  L  ESSEH  CO 


* 


. 


t 


•• 


